Multi-track laser cladding is the primary technology used in industrial applications for surface reinforcement and remanufacturing of broken parts. In this study, the influence of processing parameters on multi-track laser cladding was investigated using a Taguchi orthogonal experimental design. A multi-response grey relational analysis (GRA) was employed to identify laser cladding processing parameters that simultaneously optimize the flatness ratio of the coating and the cladding efficiency. The optimal parameters setting found by GRA were validated experimentally. Results showed that the flatness ratio and cladding efficiency were closely correlated to the overlap rate and laser power, where the overlap rate shows the most significant impact on the flatness ratio and the laser power shows the most significant impact on cladding efficiency. Results from the validation experiment were within one percent (0.97% error) of the predicted value. This demonstrates the benefits of utilizing GRA in laser cladding process optimization. The methods presented in this paper can be used to identify ideal processing parameters for multi-response multi-track laser cladding processes or other industrial applications.
Introduction
Laser cladding is an advanced technology used for surface reinforcement and restoration. It creates a condensed coating on the substrate surface, forming a metallurgical bond that improves the substrate properties, such as wear resistance, corrosion resistance, and oxidation resistance [1] [2] [3] [4] [5] [6] [7] . Laser cladding is a complex process, and the quality of the cladding coating is primarily affected by several parameters including laser power, gas flow, and powder feeding rate [7] . A long-term goal for researchers is to develop a system to predict and control the coating quality obtained by laser cladding through the manipulation of different processing parameters. Over the years, various methods have been developed to investigate and analyze these interrelations during the laser cladding process.
Nabhani et al. studied the influence of laser power, scanning rate, and powder feeding rate on the clad height, clad width, penetration depth, wetting angle, and dilution in single-track cladding of Ti-6Al-4V powder alloy deposited on Ti-6Al-4V substrate. The optimal processing parameter combination was obtained by a linear regression analysis of each response [8] . Liu The laser cladding system is shown in Figure 1 , which includes a laser system (YLS-3000, IPG, Burbach, Germany), laser cladding nozzle with 300 mm focal length (FDH0273, Lasermech, Novi, MI, USA), industrial robot (M-710iC/50, FANUC, Yamanashi, Japan), water cooling system (TFLW-4000WDR-01-3385, Sanhe Tongfei, Sanhe, China), powder feeding system (CR-PGF-D-2, Songxing, Fuzhou, China), control system (PLC, Mitsubishi, Japan), and laser pulse control system (SX14-012PULSE, IPG, Burbach, Germany). The material was protected by argon gas during the cladding process. Before cladding, the surface of the 1045 steel substrate was cleaned with acetone, rinsed with alcohol, and dried. The cladding powder was dried in a vacuum dryer for 30 min at a temperature of 120 °C prior to use. After laser cladding, the sample was prepared for evaluation by cutting, setting, grinding, and polishing. The sample was immersed in a 4% nitric acid and alcohol mixture for 30 s. Geometric characteristics of the clad sample were measured with a KH-1300 3D microscope (Hirox Co Ltd., Tokyo, Japan).
This study utilized Taguchi orthogonal methodology to design the multi-track laser cladding experiment. Four factors were evaluated (laser power, scanning speed, gas flow, overlapping rate). A full factorial experiment would have required 4 4 = 256 different combinations since there were 4 levels for each factor. By using a Taguchi orthogonal L16 (4 4 ) design, only 16 runs were needed, substantially reducing the number of runs over a full factorial experiment [13] . The Taguchi orthogonal array is a balanced design with each factor level weighted equally, so each factor can be evaluated independently. Table 2 shows the factors and their corresponding levels in the Taguchi orthogonal experimental design. Important responses in this study are the flatness ratio (θ) and cladding efficiency (η). These parameters are expressed by Equations (1) and (2), respectively [14] .
where Aclad is the cross-sectional area of clad on the substrate; W is the width of the total clad layer; H is the maximal height of the clad layer; B represents the scanning speed ( Figure 2 ). Before cladding, the surface of the 1045 steel substrate was cleaned with acetone, rinsed with alcohol, and dried. The cladding powder was dried in a vacuum dryer for 30 min at a temperature of 120 • C prior to use. After laser cladding, the sample was prepared for evaluation by cutting, setting, grinding, and polishing. The sample was immersed in a 4% nitric acid and alcohol mixture for 30 s. Geometric characteristics of the clad sample were measured with a KH-1300 3D microscope (Hirox Co Ltd., Tokyo, Japan).
This study utilized Taguchi orthogonal methodology to design the multi-track laser cladding experiment. Four factors were evaluated (laser power, scanning speed, gas flow, overlapping rate). A full factorial experiment would have required 4 4 = 256 different combinations since there were 4 levels for each factor. By using a Taguchi orthogonal L 16 (4 4 ) design, only 16 runs were needed, substantially reducing the number of runs over a full factorial experiment [13] . The Taguchi orthogonal array is a balanced design with each factor level weighted equally, so each factor can be evaluated independently. Table 2 shows the factors and their corresponding levels in the Taguchi orthogonal experimental design. Important responses in this study are the flatness ratio (θ) and cladding efficiency (η). These parameters are expressed by Equations (1) and (2), respectively [14] .
where A clad is the cross-sectional area of clad on the substrate; W is the width of the total clad layer; H is the maximal height of the clad layer; B represents the scanning speed ( Figure 2 ). Calculating the signal-to-noise ratio (S/N) is a useful technique in data analysis for predicting optimized results [13, 15, 16] . S/N is a measure of the error between the actual response and the expected value [17, 18] . Because S/N quantifies the quality of response based on the interaction between the noise and the signal, S/N is a measurement that can be used to identify controllable factors. Through analysis of the S/N, the aimed parameters can be obtained [19] .
Converting the experimental results to their corresponding S/N is an effective process to simultaneously improve the flatness ratio and cladding efficiency [17, 18] . A larger S/N value indicates a better quality of flatness ratio and cladding efficiency. Equation (3) is used to conduct the S/N conversion for flatness ratio and cladding efficiency,
where n is the number of replicates in the experiment; Yi is the experimental result [16, 20] . After the S/N conversion of flatness ratio and cladding efficiency, analysis of variance (ANOVA) was used to investigate the relation between processing parameters and responses. The significance level, α was set at 0.05. Table 3 shows the 16 runs from the Taguchi orthogonal experimental design, with their corresponding processing parameter settings. The response of the flatness ratio (θ) and cladding efficiency (η) in this study is also shown in Table 3 , as well as their corresponding signal-to-noise ratio conversion. Calculating the signal-to-noise ratio (S/N) is a useful technique in data analysis for predicting optimized results [13, 15, 16] . S/N is a measure of the error between the actual response and the expected value [17, 18] . Because S/N quantifies the quality of response based on the interaction between the noise and the signal, S/N is a measurement that can be used to identify controllable factors. Through analysis of the S/N, the aimed parameters can be obtained [19] .
Results and Discussion
where n is the number of replicates in the experiment; Y i is the experimental result [16, 20] . After the S/N conversion of flatness ratio and cladding efficiency, analysis of variance (ANOVA) was used to investigate the relation between processing parameters and responses. The significance level, α was set at 0.05. Table 3 shows the 16 runs from the Taguchi orthogonal experimental design, with their corresponding processing parameter settings. The response of the flatness ratio (θ) and cladding efficiency (η) in this study is also shown in Table 3 , as well as their corresponding signal-to-noise ratio conversion. 

Analysis of Flatness Ratio
Out of the 16 runs, the best result for flatness ratio occurred in the second run, whose processing parameter setting was A 1 B 2 C 2 D 2 (1.2 kW laser power; 6 mm/s scanning speed; 1000 L/h gas flow; 20% overlapping rate). Table 4 shows the ANOVA analysis result of the flatness ratio S/N data in Table 3 . As indicated by the p-value, laser power (A) and overlapping rate (D) had a significant impact on the flatness ratio, while scanning speed (B) and gas flow (C) were not statistically significant. Figure 3 illustrates the main effects plot for S/N of θ. This plot was generated by plotting the means for each value of each categorical variable using Minitab software (17.1.0.0). Solid lines connect each mean value within each category and the dashed reference line indicates the overall mean. The main effect for each categorical variable is evaluated by comparing the solid plotted line to the dashed reference line. A horizontal solid line indicates that there is no main effect for this parameter. Otherwise, a main effect for the parameter exists. A steeper slope denotes that the parameter has a stronger influence on the results. means for each value of each categorical variable using Minitab software (17.1.0.0). Solid lines connect each mean value within each category and the dashed reference line indicates the overall mean. The main effect for each categorical variable is evaluated by comparing the solid plotted line to the dashed reference line. A horizontal solid line indicates that there is no main effect for this parameter. Otherwise, a main effect for the parameter exists. A steeper slope denotes that the parameter has a stronger influence on the results. Figure 3 shows that the overlapping rate has the most significant influence on the flatness ratio, which is consistent with the results in Table 4 . The best flatness ratio occurred at an overlapping rate of 20%. The flatness ratio was lower at an overlapping rate of 10%. This was because the shared area between overlapping tracks was smaller, causing a greater height difference than at a 20% overlapping rate. With overlapping rates higher than 20%, there was a buildup of cladding material in the area between the adjacent tracks, a phenomenon known as "slope cladding". This also caused the flatness ratio to decrease. Similar results were observed for the laser power. The flatness ratio displayed a small increase then decrease with increasing laser power. Since the laser power Figure 3 shows that the overlapping rate has the most significant influence on the flatness ratio, which is consistent with the results in Table 4 . The best flatness ratio occurred at an overlapping rate of 20%. The flatness ratio was lower at an overlapping rate of 10%. This was because the shared area between overlapping tracks was smaller, causing a greater height difference than at a 20% overlapping rate. With overlapping rates higher than 20%, there was a buildup of cladding material in the area between the adjacent tracks, a phenomenon known as "slope cladding". This also caused the flatness ratio to decrease. Similar results were observed for the laser power. The flatness ratio displayed a small increase then decrease with increasing laser power. Since the laser power determined the amount of energy received by the molten pool during laser cladding, a relatively low laser power limited the energy absorbed by the molten pool, leading to insufficient melting of the cladding powder. This resulted in a narrower cladding track on the substrate. As laser power increased, the convection effect in the molten pool increased, which increased the width of the total clad layer, resulting in an increase in the flatness ratio. A further increase in the laser power resulted in lower flatness ratios. This effect can be explained by Equation (1) . Increasing laser power flattened the molten pool and increased the width at a faster rate than the total clad area was increased [21] .
The main effects plot shows scanning speed and gas flow to be close to the reference dash line indicating that their impact on the flatness ratio is not significant. These results are consistent with the data presented in the ANOVA analysis in Table 4 . Based on these results, when only the flatness ratio was considered, the best processing parameters were a 1.3 kW laser power and 20% overlapping rate.
Analysis of Cladding Efficiency
The best result of cladding efficiency was achieved in the 13th run, whose processing parameter setting was A 4 B 1 C 2 D 3 (1.5 kW laser power; 5 mm/s scanning speed; 1000 L/h gas flow; 30% overlapping rate). An ANOVA analysis of the cladding efficiency S/N data in Table 3 is shown in Table 5 . Laser power (A) and overlapping rate (D) had significant impact on the cladding efficiency, with p-values being 0.0009 and 0.0443, respectively. Scanning speed (B) and gas flow (C) were not statistically significant at the predetermined value of α equal to 0.05. Although not significant in this experiment, the scanning speed showed a trend toward significance (p = 0.0664) and should be investigated further. The main effects plot ( Figure 4 ) showed that laser power had the most significant influence on cladding efficiency. Cladding efficiency increased dramatically with increasing laser power. Since laser power controlled the energy absorbed during the cladding process, higher laser power resulted in more energy being absorbed by the cladding powder. These higher energy levels increased the width of the cladding track and the cross-sectional area of clad (A clad ) [21] . As expected, increasing the overlapping rate decreased cladding efficiency. During multi-track laser cladding, a larger overlapping rate requires more passes to cover the same cladding area, thus reducing cladding efficiency. 
Multi-Response Grey Relational Analysis
The goal of this study was to simultaneously achieve both a high flatness ratio and suitable cladding efficiency. Since the best result of the flatness ratio and cladding efficiency occurred on different runs (i.e., different processing parameter settings), additional investigation is needed to achieve a multi-response optimization. To determine the optimal processing parameters while taking both flatness ratio and cladding efficiency into consideration, this paper applied grey relational analysis to achieve multi-response optimization [17] . Grey relational analysis was conceived by Julong Deng in the 1980s. This theory effectively combines multiple objectives into a "single" objective, thus solving the complex multi-response question. Grey relational analysis provides an effective way to optimize multiple parameters to attain the optimal solution that satisfies multiple objectives [24, 25] .
There are three steps to complete the grey relational analysis [19, [26] [27] [28] . The first step is to normalize the data. This process accounts for the differences in units and the range of the original data. Normalized data is expressed as a value between 0 and 1. In this study, Equation (4) was selected to conduct normalization,
where k is the kth response (k = 1,2) for the two responses in this paper; i is the ith experimental data (i = 1, 2, 3, …, 16); ( ) is the response data after normalization; ( ) stands for the original response data; ( ) and ( ) represent the minimum and maximum value of ( ). The second step is to calculate the grey relational coefficient for each response using Equation (5). ∆ + ψΔ 
Mean of S/N ratios
Scanning Speed
Gas Flow Overlapping Rate According to Equation (2), the cladding efficiency is directly proportional to the scanning speed, however, experimental results show the cladding efficiency to decrease with scanning speed. The reason for this behavior is that a faster scanning speed shortened the laser energy exposure duration on the cladding powder and the molten pool. This decrease in energy resulted in a smaller area of clad because the powder did not receive sufficient laser energy to melt during the cladding process [22, 23] . From these data, the best processing parameters were a laser power of 1.5 kW, a 5 mm/s scanning speed, and a 10% overlapping rate when only cladding efficiency was considered.
Multi-Response Grey Relational Analysis
where k is the kth response (k = 1,2) for the two responses in this paper; i is the ith experimental data (i = 1, 2, 3, . . . , 16); X i (k) is the response data after normalization; Y i (k) stands for the original response data; minY i (k) and maxY i (k) represent the minimum and maximum value of Y i (k). The second step is to calculate the grey relational coefficient for each response using Equation (5) .
where GRC i (k) is the grey relational coefficient (GRC) of the kth response in the ith run; ∆ i (k) represents the deviation between the normalized value and the reference sequence {X 0 } = {1, 1}. The deviation is obtained through ∆ i (k) = X 0 (k) − X i (k) ; ∆ min and ∆ max denote the minimum and maximum value of ∆ i (k); ψ is the distinguishing coefficient with ψ ∈ [0, 1]. Normally 0.5 is selected for ψ since it gives a moderate distinguishing effect and stability [29] . After normalization of the original data for the flatness ratio and cladding efficiency, the result after grey relational generation (X) and their corresponding deviation (∆) are shown in Table 6 . The last step is to perform the grey relational calculation on multi-responses using Equation (6),
where GRG i is the grey relational grade (GRG) for the ith run; n is the number of responses, which is two in this study. In this paper, the goal of achieving a good flatness ratio and high cladding efficiency were determined to be equally important. Therefore, the same weight was given to both the flatness ratio and cladding efficiency for the grey relational grade (GRG) calculation. The GRCs, GRG, and S/N conversion of GRG for each run are shown in Table 7 , with larger values being more desirable. The 9th
Coatings 2019, 9, 356 9 of 13 run setting (A 3 B 1 C 4 D 2 ) was determined to be the preferred processing parameters (1.4 kW laser power; 5 mm/s scanning speed; 1200 L/h gas flow; 20% overlapping rate), with a GRG value of 0.82423. Table 7 . Grey relational coefficient (GRC) of flatness ratio and cladding efficiency, grey relational grade (GRG), S/N conversion of GRG for each run. The results of ANOVA on the S/N of the grey relational grade are shown in Table 8 . Based on the obtained p-values, the overlapping rate (D) and laser power (A) were statistically significant and had an impact on the flatness ratio and cladding efficiency. The scanning speed (B) showed a trend toward significance (p = 0.0628). Analysis of GRG S/N data in Table 9 shows the maximum absolute value difference to occur in the overlapping rate. This indicates that the overlapping rate had the most significant influence on both the flatness ratio and cladding efficiency. Table 9 was used to determine the optimal processing parameter settings by selecting the level in each category with the highest value. The optimal setpoint was determined to be A 4 B 2 C 2 D 1 (1.5 kW laser power; 6 mm/s scanning speed; 1000 L/h gas flow; 10% overlapping rate). Since this processing parameter setting was not one of the settings in the 16 original runs, a validation experiment was needed to confirm this processing parameters prediction. 
Run
Processing Parameters Optimization and Experimental Validation
The GRG prediction was used to estimate the outcome of the parameter setpoint (A 4 B 2 C 2 D 1 ) prior to conducting the experiment. The GRG prediction was calculated by [26] ,
GRG j − GRG total (7) where GRG prediction is the predicted value of GRG from the selected set; GRG total represents the total mean of the GRG; q is the number of processing parameters, which is four in this study; GRG j stands for the average GRG value at the selected level for the jth processing parameter. The best results from the 16 orthogonal runs, the grey relational analysis (GRA) prediction, and the validation experiment are compared in Table 10 . When the best results from orthogonal experimental design (A 3 B 1 C 4 D 2 ) were compared with the optimal parameters setting derived from GRA (A 4 B 2 C 2 D 1 ), the flatness ratio increased from 0.881 to 0.889 and the cladding efficiency increased from 253.336 to 260.786 mm 3 /s. Although the increase of the flatness ratio was only 0.91%, the increase of the cladding efficiency was 2.94%. These differences may not seem significant, but even a small improvement in processing parameters can have a large impact on the overall quality of the product and substantial financial gains. In addition, the optimal parameters setting derived from GRA increased the two responses simultaneously, indicating that the optimal parameters setting was better than the best run in the Taguchi orthogonal array. Furthermore, the grey relational grade prediction derived from Equation (7) and the experimental validation differed by less than one percent (0.97%). It shows the high accuracy of multi-response optimization using grey relational analysis. The methods developed in this paper can also be used to evaluate uneven weighting distributions for the flatness ratio and cladding efficiency, for example, if flatness ratio was deemed to be a higher priority, the weighing factor in the GRA could be set to 75% for the flatness ration and only 25% for the cladding efficiency. In addition, this multi-response optimization method with GRA could be used to guide the design of a large-scale experiment. This is important because actual experiments can be expensive and time-consuming. It could be used to evaluate different responses such as wetting angle, penetration depth, and dilution instead of flatness ratio and cladding efficiency. Moreover, because GRA was designed to optimize multiple responses, it could also be used to optimize three or four of the above responses simultaneously. Figure 5 below shows the clad morphology and cross-section comparison of multi-track laser clad derived by the best parameter set from the orthogonal design experiment and the optimal GRA parameter set, respectively. Figure 5d elucidates that incomplete fusion was significantly avoided in the optimal GRA parameter set, compared with the best parameter set found in the orthogonal design experiment (Figure 5b) . The morphology of the clad made with the optimal parameters (A 4 B 2 C 2 D 1 ) found using the GRA is shown in Figure 5c . No excessive powder adhesion was observed, and it had better cladding efficiency than the best run in the orthogonal design experiment. These results demonstrate the remarkable quality of the cladding layer when produced using the optimal processing parameters obtained from grey relational analysis. the optimal GRA parameter set, compared with the best parameter set found in the orthogonal design experiment (Figure 5b) . The morphology of the clad made with the optimal parameters (A4B2C2D1) found using the GRA is shown in Figure 5c . No excessive powder adhesion was observed, and it had better cladding efficiency than the best run in the orthogonal design experiment. These results demonstrate the remarkable quality of the cladding layer when produced using the optimal processing parameters obtained from grey relational analysis. 
Conclusions
This paper utilized an orthogonal experimental design to study the influence of laser power, scanning speed, gas flow, and overlapping rate on clad flatness ratio and cladding efficiency in multitrack laser cladding. Signal-to-noise ratio conversion and grey relational analysis was used to find the optimal processing parameters. Once the optimal processing parameters were determined, a validation experiment was conducted to verify the results. Based on this investigation, the following conclusions were made:
•
Analysis of the flatness ratio as the single response showed that the overlapping rate and laser power affected the flatness ratio. The flatness ratio increased then decreased with increasing overlapping rate and laser power over the range of values studied. 
Conclusions
This paper utilized an orthogonal experimental design to study the influence of laser power, scanning speed, gas flow, and overlapping rate on clad flatness ratio and cladding efficiency in multi-track laser cladding. Signal-to-noise ratio conversion and grey relational analysis was used to find the optimal processing parameters. Once the optimal processing parameters were determined, a validation experiment was conducted to verify the results. Based on this investigation, the following conclusions were made:
•
Analysis of the flatness ratio as the single response showed that the overlapping rate and laser power affected the flatness ratio. The flatness ratio increased then decreased with increasing overlapping rate and laser power over the range of values studied.
Analysis of the cladding efficiency as the single response revealed that the cladding efficiency was influenced by laser power, overlapping rate, and scanning speed. The cladding efficiency increased dramatically with the increased laser power. Increased scanning speed and overlapping rate caused a relatively small reduction in cladding efficiency. • Grey relational analysis was effective in finding processing parameters that optimized the flatness ratio and cladding efficiency simultaneously. When these two objectives were weighted equally, the optimal processing parameters were determined to be 1.5 kW laser power, 6 mm/s scanning speed, 1000 L/h gas flow over, and 10% overlapping rate. This optimal parameter setting generated a better flatness ratio and cladding efficiency than best run in the orthogonal design experiment.
The validation experiment using the optimal parameter setting found by grey relational analysis were within one percent (0.97% error) of the predicted value. This demonstrates the potential that GRA perform as a tool for identifying optimal laser cladding processing parameters. The methods presented in this paper can be used as a guide to developing optimal multi-track laser cladding processes for industrial applications. 
